Considering simultaneously isospin and SU(3) flavor symmetry breakings, we investigate the complete mass splittings of SU(3) baryons within a chiral soliton model, a "modelindependent approach" being employed. In linear order several new mass relations are derived, which are mostly generalizations of existing mass formulae. The dynamical quantities appearing in the expressions for the masses are fixed by fitting them to the masses of the baryon octet and those of Ω − and Θ + as input rather than by extracting them from a calculated self-consistent soliton profile. In particular, the consideration of isospin symmetry breaking allows us to use the experimental data of the whole octet baryon masses as input. We predict the masses of the baryon decuplet and antidecuplet without any further adjustable free parameter. In addition, we also obtain the pion-nucleon sigma term which turns out to be ΣπN = 36.4 ± 3.9 MeV. We get the ratio of the current light quark masses R = 58.1 ± 1.3. The present results indicate that the recent experimental data for the Θ + (1524) are compatible with the experimental data of the octet and decuplet masses. §1. Introduction
§1. Introduction
The mass splittings of SU (3) baryons are the first observables that any lowenergy effective model for quantum chromodynamics (QCD) should explain. Since the Skyrme model was suggested as a topological effective model of QCD in the large N c limit, the picture of the topological and particularly non-topological chiral soliton has been known to be very successful in describing the splitting between the baryon octet and decuplet. One of the most interesting features in this picture is that the low-lying baryons can be regarded as rotational excitations of the chiral soliton: The baryon octet (8) appear as the lowest representation with spin 1/2 and positive parity. The baryon decuplet (10) with spin 3/2 arises from the next rotational excitation of the chiral soliton. When we proceed further with these excitations, we find that there are baryon antidecuplet (10) , eikosiheptaplet (27) , and so on. In particular, the baryon antidecuplet is the first excitation consisting of exotic pentaquark baryons 1), 2), 3) which have attracted much attention, since the LEPS collaboration announced the first measurement of the pentaquark baryon Θ + . 4) However, a series of the CLAS experiments has reported null results of the Θ +5), 6), 7), 8) and has casted doubt on its existence. On the other hand, the DIANA collaboration has continued to search for the Θ +9), 10) and announced very recently duce additionally the hadronic contributions of isospin symmetry breaking to the mass splittings, so that we can analyze the mass splittings of the SU(3) baryons consistently.
Having taken into account these effects of isospin symmetry breaking, we are able to fix unequivocally the relevant model parameters by employing the experimental data of the baryon octet masses. In addition, we will use the experimental values of the Θ + (1524), though its existence is disputable, as well as of the N * (1685) such that we can determine I 2 unambiguously. We will show that the masses of the baryon decuplet and parts of the antidecuplet are determined uniquely without any adjustable parameters.
The present work is sketched as follows: In Section II, we describe the general formalism of the present approach for the mass splittings of the SU(3) baryons. We also discuss various relations between SU(3) baryon masses such as the generalized relations of Gell-Mann-Okubo, of Coleman-Glashow relation, and of Guadagnini. In Section III, we show how to determine the dynamical parameters of the χSM, using the existing experimental data for the octet with Ω − (1672) and Θ + (1524) masses. We present the final results of the decuplet and antidecuplet masses. In the last Section, we summarize the present work and draw conclusions. §2. General Formalism
The mass splittings of SU(3) baryons within a chiral soliton have been extensively studied in Refs. 2), 43) As mentioned in the previous Section, the effects of isospin symmetry breaking arise from two different sources, i.e. the mass differences of the up and down quarks and the EM interactions. The effects of isospin symmetry breaking on the baryon mass splittings have been studied in Refs. 44), 45) within the χQSM. The EM mass splittings of the SU(3) baryons have been already investigated in Ref. 42 ) Thus, we briefly review how to construct the collective Hamiltonians for the masses of the SU(3) baryons with isospin symmetry breaking taken into account in the present Section.
Collective Hamiltonian and SU(3) baryon states
We start from the collective Hamiltonian in the SU(3) χSM: 38), 37) 
2) 
Since α, β, and γ depend on the moments of inertia, they are also related to details of specific dynamics of the χSM. Note that α, β, and γ defined in the present work do not contain the strange quark mass, while those in Refs. 2), 43) include it. The σ is proportional to the Σ πN as follows: 5) which can be absorbed by the center of the mass splittings from the rotational Hamiltonian H rot . In the χSM, there is a very important constraint for the collective quantization:
where B is the baryon number. It is related to the eighth component of the soliton angular velocity that is due to the presence of the discrete valence quark level in the Dirac-sea spectrum in the SU(3) χSM, 38), 46) while it arises from the Wess-Zumino term in the SU(3) Skyrme model . 47), 48), 49) Its presence has no effects on the chiral soliton but allows us to take only the SU(3) f irreducible representations with zero triality. Thus, the allowed SU(3) f multiplets are the baryon octet (J = 1/2), decuplet (J = 3/2), and antidecuplet (J = 1/2), etc. In the representation (p, q) of the SU(3) group, we can have the following relation:
which yields the eigenvalues of the rotational collective Hamiltonian H rot in Eq. (2 . 2) as follows:
The allowed SU(3) baryon multiplets with zero triality are given as
Thus, the mass splittings between the centers of the multiplets are obtained as follows: 10) which shows that they arise from the rotational excitations. It is well known and understood that in the χSM one cannot calculate the absolute values of baryonic masses unless one incorporates some non-relativistic corrections. 50) We do not do this in the present work and concentrate rather on the mass splittings, which are all well defined. Thus, it is crucial to determine the soliton moments of inertia I 1,2 uniquely. In all χSM calculations, I 1 turns out to be larger than I 2 , which leads to the consequence that the masses of the antidecuplet become larger than those of the octet. In order to determine the SU(3) baryon mass splittings, we now consider the symmetry-breaking Hamiltonian H sb in Eq. (2 . 3). The corrections due to the SU(3) f and isospin symmetry breaking effects are obtained perturbatively by calculating the matrix elements of the H sb between the diagonal baryon states that are written as the SU(3) Wigner D functions in representation R: (2 . 11) where R stands for the allowed irreducible representations of the SU(3) f group, i.e. R = 8, 10, 10, · · · and Y, T, T 3 are the corresponding hypercharge, isospin, and its third component, respectively. The constraint of the right hypercharge Y ′ = 1 selects a tower of allowed SU(3) f representations: The lowest ones, that is, the baryon octet and decuplet, coincide with those of the quark model. This has been considered as a success of the collective quantization and as a sign of certain duality between rigidly rotating heavy soliton and constituent quark model. The third lowest representation is the antidecuplet which has been considered as an artifact of the model and therefore disregarded until the work of Diakonov et al. 2) Since the symmetry-breaking term of the collective Hamiltonian in Eq. (2 . 3) mixes different SU(3) f representations, the collective wave functions are no more in pure states but are given as the following linear combinations: 51) where |B R denotes the state which reduces to the SU(3) f representation R in the formal limit m s → 0. Here, the spin indices J 3 have been suppressed. The m sdependent (through the linear m s dependence on α, β and γ) coefficients in Eq.(2 . 12) read: 
We will show later that these mixing coefficients are determined uniquely in the present scheme.
Electromagnetic corrections to SU(3) baryon masses
The EM mass corrections to SU(3) baryon masses were already discussed in Ref. 42) However, since they consist of an essential part of the present analysis, we will recapitulate them in this subsection. The following baryonic two-point correlation functions of the EM current will provide the EM mass corrections:
where J µ is defined as J µ (x) = eψ(x)γ µQ ψ(x) with the electric charge e and the quark charge operatorQ defined as the Gell-Mann-Nishijima relationQ =
The D γ denotes a static photon propagator which will be absorbed in parameters we will fit to experimental data. Using the fact that the EM current is taken as an octet operator, we write the most general form of the O EM as a collective
The parameters α i depend on specific dynamics of a χSM, which will be fitted to the empirical data of the EM mass differences. The product of two octet operators can be expanded in terms of irreducible operators 1⊕ 8 s ⊕ 8 a ⊕ 10⊕ 10 ⊕ 27. Note, however, that because of Bose symmetry we are left only with the singlet, the octet, and the eikosiheptaplet, which are all symmetric. We rewrite O EM in terms of a new set of parameters c (n) as follows: 
and for the baryon decuplet 19) respectively. Since the center of baryon masses can absorb the singlet contributions to the EM masses with c (1) , we can safely neglect them for EM mass differences. Moreover, they are not pertinent to the EM mass differences in which they are canceled out. Therefore, the expressions of the EM mass differences of SU(3) baryons have only two unknown parameters, i.e. c (8) and c (27) . In Refs., 44), 45) the Dashen ansatz 53) was used for the EM mass splittings of the SU(3) baryons, which shows Q 2 proportionality ((∆M B ) EM ∼ Q 2 B M B ). However, this Ansatz was originally used for the squares of SU(3) pseudoscalar meson masses and is valid only in the chiral limit. In fact, Ref. 44) employed the Dashen Ansatz and fixed the unknown free parameter appearing in this Ansatz, using the result of (Σ − + Σ + − 2Σ 0 ) derived in Ref. 54) However, this Ansatz does not determine the sign of the EM mass splittings. It is straightforward to obtain the EM mass differences for the baryon octet from Eq.(2 . 18) 27) . 
. This is just the well-known ColemanGlashow mass formula. 55) Although these formulae indicate that these three mass differences are dependent on each other, one can adjust the values of the parameters c (8) and c (27) by the method of least squares. In order to determine the parameters c (8) and c (27) , we will first use the empirical data estimated in Ref. 54) Using these empirical and experimental data, we can determine the values of the parameters c (8) and c (27) as follows 
Baryon octet
The effects of SU(3) f and isospin symmetry breakings being taken into account, the mass formulae of the octet are obtained as follows:
where δ 1 and δ 2 are defined as
The center mass M 8 for the baryon octet from Eq. (2 . 22) is found to be 24) where M B indicates the mean values of the masses in the corresponding isospin multiplets, for example,
Note that the M 8 is expressed in terms of octet masses.
Baryon decuplet
Similarly, we can derive the masses of the baryon decuplet with the center of the decuplet M 10 :
As in the case of the baryon octet, the center of mass splittings M 10 of the baryon decuplet can be expressed as
Making use of Eq. (2 . 25), we are able to obtain various mass relations among the decuplet baryons as follows:
for ∆T 3 = 1, and
for ∆T 3 = 2. In the case of ∆T 3 = 3, we get
In addition, we derive one more mass formula as follows: 
In a χSM, it is also possible to connect the mass splittings of the baryon octet to those of the decuplet. 48) Since we include both flavor SU(3) and isospin symmetry breakings, we can derive the following formulae
These are the generalization of the Guadagnini mass formula and are deviated from the experimental data by about 4 MeV only, which is remarkable. The basically same formula was obtained in Ref. 58) Using Eq. (2 . 30) and turning off the effects of isospin symmetry breaking, we reproduce the Guadagnini formula 48) 
(2 . 33)
Baryon antidecuplet
We now come to the expressions of the mass splittings of the baryon antidecuplet. The masses of the antidecuplet are expressed as
where the center of the mass splittings of the baryon antidecuplet is given as 37) for ∆T 3 = 1, and 38) for ∆T 3 = 2. In the case of ∆T 3 = 3, we get
where ∆M Σ 10 = M Σ + 10
10
. The effects of isospin symmetry breaking being switched off, the mass formula of Ref.
2) is reproduced as
In addition, we obtain the new mass relations between the baryon octet and antidecuplet:
between the baryon decuplet and antidecuplet. We also get the mass relation among the baryon octet, decuplet, and antidecuplet
43) §3. Results and Discussion
By the least squared method, the model parameters can be adjusted from the studies of mass splittings with the experimental mass values of the baryon octet, Ω − (1672), and Θ + (1524) taken as inputs. The effcts of SU(3) flavor and isospin symmetry breakings are obtained from the baryon octet mass splittings. The masses of Ω − (1672) and Θ + (1524) are taken for determination of the mass-splitting centers of the baryon decuplet and antidecuplet, respectively. The centers of mass splittings also can be expressed in terms of the model parameters, the moments of inertia of soliton I 1 and I 2 in Eq. (2 . 10). The Eq. (2 . 22) yields the ratio of the current light quark masses as follows:
which yields
Note that in Ref. 54) it is given as R = 43.5 ± 2.2, which implies that R in this work is comparable to that of Ref. 54) Using the experimental data for the baryon octet, Ω and Θ + with the value of R in Eq. (3 . 2), we can determine the mass parameters
in units of MeV. With these parameters, we find the moments of inertia I 1 and I 2 . Though I 1 and I 2 could be determined by using Eqs. Diakonov et al.
2)
Ellis et al.
43)
χQSM 59) This work Input N * (1710 MeV) the Σ πN has been extracted by using the Θ + and Ξ 3/2 masses, based on the χQSM: Σ πN = (74 ± 12) MeV. However, the present result of Σ πN remains rather smaller than the previous analyses based on the masses of the baryon antidecuplet.
In Table I , we compare the present results of the important parameters with those of other works. Note that Ref. 2) use the πN sigma term as input, while in the present work we are able to predict its value, since we have considered the effects of isospin symmetry breaking. The predicted value of Σ πN in this work is different from that of the recent calculation in the χQSM, which is listed in the fourth column. The results of moments of inertia I 1 and I 2 are comparable to those of Refs. 2), 43) However, the important parameters α, β, and γ turn out to be rather different. Even the sign of γ in Ref. 43) is different from the present result. The result of the mixing parameter c 10 turns out to be almost two times less than those of Refs. 2), 43) while it is comparable to that of the χQSM. This parameter is of great importance to determine the coupling constants for the K * N Θ + vertex. 63) For example, if we use the values of c 10 in Refs., 2), 43) the vector coupling constant g K * nΘ (= f K * √ 15c 10 ) yields about 1.86 and 1.95, respectively, whereas the present value produces g K * nΘ = 0.96. We want to mention that the measurement of the Θ + photoproduction prefers smaller values of g K * nΘ . 15) The detailed analysis of this coupling constant will appear elsewhere.
It is worthwhile to compare closely the present results for the predicted values of M Θ + and M N * with those of Refs. 28) being considered, the present result turns out to be quite comparable to it. We will show that the results will be improved later with the effects of isospin symmetry breaking switched on. In Table II , the reproduced masses of the baryon octet are listed. In Table III , the predicted results of the decuplet masses are listed. Those of the Σ * and Ξ * are in remarkable agreement with the data within 0.5 %. In Table IV we present the results for the masses of the baryon antidecuplet. In this work, we use the mass of the Θ + taken from Ref. 15) as input. Though the NA49 data of Ξ −− 3/2 (1862) 64) is still under debate, we can compare the present results with that. As shown in Table IV , the results seem to be quite larger than the NA49 data. Note that, however, A recent analysis of Ref. 65) yields the mass ranges of Σ 10 and Ξ 3/2 as M Σ 10 = 1795 MeV − 1830 MeV, M Ξ 3/2 = 1900 MeV − 1970 MeV, (3 . 6) which are comparable to the present results. §4. Summary and conclusion
In the present work, we have investigated the mass splittings of the SU(3) baryons within the framework of an SU(3) chiral soliton model, taking into account SU(3) and isospin symmetry breakings due to the electromagnetic self-interactions as well as hadronic isospin mass differences. We found various mass relations of the baryon octet, decuplet, and antidecuplet. In particular, we obtained the generalized Gell-Mann-Okubo mass formulae that are well satisfied with the experimental data. We also derived the Coleman-Glashow mass formula and Guadagnini mass relation. In addition, similar mass relations in the baryon antidecuplet were presented.
In order to determine the unknown model parameters α, β, and γ, we employed the existing experimental data for the baryon octet, the Ω − , and the Θ + . We then performed the minimization of the χ 2 . The second moment of inertia I 2 was also found, which is an essential key to explain the mass splittings within the baryon antidecuplet. Moreover, the pion-nucleon sigma term was determined to be Σ πN = (36.4 ± 3.9) MeV. The present results of the Σ * and Ξ * masses were in remarkable agreement with the experimental data. It indicates that the mass of the Θ + used as input in the present scheme is rather compatible with existing experimental data for the baryon octet and decuplet.
The present work is distinguished from the previous studies 2), 43) based on the chiral soliton model, which also deal with the mass splittings of the SU(3) baryons. The second moment of inertia I 2 plays a crucial role in explaining the heavier masses of the baryon antidecuplet, compared to those of the octet and decuplet. However, it was not possible to fix it unambiguously in previous works, so that results of the model calculations had to be used. Moreover, since the Σ πN was not uniquely known empirically, some ambiguities were inevitable in previous analyses. While Refs. 2), 43) used the experimental data for the baryon octet, they did not consider isospin symmetry breaking, so that they were unable to incorporate whole experimental information.
In the present work, we were able to fix all model parameters by using the experimental data for the masses of the baryon octet and parts of the baryon decuplet and antidecuplet, because effects of isospin symmetry breaking have been fully taken into account. Thus, we have produced the masses of the baryon antidecuplet as well as of the decuplet without any further adjustable parameter.
While we determined the masses of the baryon decuplet and antidecuplet, we have not considered in the present work the corresponding decay widths which are very important to understand those baryons. In the previous works in the chiral soliton models, one of the parameters for the decay width of the Θ + has been taken from the model calculations. Moreover, the effects of SU(3) symmetry breaking have never been fully considered. In order to calculate the widths of the antidecuplet systematically, we have to fix all relevant parameters, using the experimental data for axial-vector constants as well as hyperon semileptonic decays. The corresponding investigation is under way.
